The aim of this work was to test materials typically used in the construction of medical 28 devices regarding their influence in the initial adhesion, biofilm development and 29 antibiotic susceptibility of Escherichia coli biofilms. Adhesion and biofilm development 30 was monitored in 12-well microtiter plates containing coupons of different biomedical 31 materials -silicone (SIL), stainless steel (SS) and polyvinyl chloride (PVC) -and glass 32 (GLA) as control. The susceptibility of biofilms to ciprofloxacin and ampicillin was 33 assessed and the antibiotic effect in cell morphology was observed by scanning electron 34 microscopy (SEM). The surface hydrophobicity of the bacterial strain and materials was 35 also evaluated from contact angle measurements. Surface hydrophobicity was related 36 with initial E. coli adhesion and subsequent biofilm development. Hydrophobic materials, 37 such as SIL, SS and PVC, showed higher bacterial colonization than the hydrophilic glass. 38 Silicone was the surface with the greatest number of adhered cells and the biofilms 39 formed on this material were also less susceptible to both antibiotics. It was found that 40 different antibiotics induced different levels of elongation on E. coli sessile cells. Results 41 revealed that, by affecting the initial adhesion, the surface properties of a given material 42 can modulate biofilm buildup and interfere with the outcome of antimicrobial therapy.
The contact angles of the bacteria and the surfaces were determined by the sessile drop 152 method using a contact angle meter (OCA 15 Plus, Dataphysics, Germany) . The surface 153 tension components of the bacteria and the adhesion surfaces were obtained by measuring 154 the contact angles with three pure liquids. These measurements were carried out at room 155 temperature (25 ± 2 ºC) using water, formamide and α-bromonaphthalene Co., Portugal) as reference liquids. The surface tension components of the reference 157 liquids were obtained from literature. 34 Contact angle measurements were performed in 158 three independent experiments. On each experiment, at least 25 determinations for each 159 liquid, material and microorganism were made. Afterwards, the hydrophobicity of the 160 bacteria and the surfaces was evaluated by the method of van Oss et al. [35] [36] [37] In this 161 approach, the degree of hydrophobicity of a given material ( ) is expressed as the free 162 energy of interaction between two entities of that material immersed in water ( ) -∆ . 163 If the interaction between the two entities is stronger than the interaction of each entity where is the contact angle and = + .
179
When studying the interaction (free energy of adhesion) between substances and that 180 are immersed or dissolved in water, the total interaction energy, ∆ , can be expressed The antibiotics used in this study were ciprofloxacin (Sigma-Aldrich Co., Portugal) and 244 ampicillin (AppliChem, Germany).
245
The biofilm MIC is defined as the lowest antibiotic concentration that inhibits visible Scanning electron microscopy (SEM) 276 The morphological changes of E. coli biofilms formed on glass coupons and exposed to 277 6 h of antibiotic treatments were assessed by SEM. In order to predict the probability of E. coli adhesion to the four tested materials, the free 308 energy of interaction between the bacteria and the surfaces was calculated ( Table 2 ). The 309 results show that adhesion to SS, PVC and GLA was not thermodynamically favored 310 (∆ > 0 mJ/m 2 ), whereas adhesion to SIL was favored (∆ < 0 mJ/m 2 ).
312
Bacterial adhesion and biofilm development 313 E. coli adhesion and biofilm growth on the four different materials is shown in Figure 1 .
314
Initial adhesion was determined after 30 min and significant differences (p < 0.05) were 315 observed in all materials ( Figure 1B) . Furthermore, the extent of adhesion to silicone was 316 approximately 5-fold higher than to glass, which was the material with fewer adhered 317 cells after the initial period. Interestingly, glass was also the material showing the lowest 318 number of adhered cells in the following data points concerning biofilm development (p 319 < 0.05). Biofilm formation results (assayed in the period between 4 and 24 h) followed is noteworthy that for SS and PVC, there were no statistically significant differences in 324 the cell density determined on both materials in the majority of time points.
325
Overall, the amount of biofilm formed in all the materials increased with time and so did 326 the planktonic cell concentration ( Figure 1A ) that also increased with similar trends in all 327 tested conditions.
328
The first 4 hours of experiment were those that showed the highest growth rate of 329 planktonic ( Figure 1A ) and sessile cells ( Figure 1B 2B), the decrease on biofilm viability in the first 4.5 h was more pronounced than with 347 15 ciprofloxacin for GLA, PVC and SS, but complete inactivation was also attained after 348 treatment for these surfaces whereas for SIL, 36% survived after exposure.
349
In order to evaluate the contribution of EPS to the biofilm susceptibility, the exopolymeric 350 matrix of all biofilms was extracted and quantified in terms of protein and polysaccharide 351 content. According to the results presented in Table 3 , the amount of total and matrix 352 polymers (both proteins and polysaccharides) did not vary significantly (p < 0.05) with 353 the surface used.
354
Besides their effect on viability, the antimicrobial treatments promoted a significant 355 reduction on the total biofilm cell numbers. The results obtained for GLA ( Figure 3) show 356 that between 1.5 and 3 h a reduction of 55% was obtained for ampicillin and a reduction 357 of 81% was obtained for ciprofloxacin after 4.5 h. Similar reduction profiles were 358 obtained for the remaining surfaces (data not shown). 3. These images show that antibiotic-treated cells had filamentous forms when compared 366 to the control cells (not subjected to the treatments, Figure 4A ). Moreover, biofilms distribution of biofilms cells exposed and not exposed to antibiotics ( Figure 5 ). While 370 non-exposed cells had lengths ranging from 1.1 to 2.7 µm, those exposed to ciprofloxacin 371 measured between 2 and 7.1 µm (on average 2-fold longer), whereas cell lengths up to 372 16 9.1 µm were determined for ampicillin (on average 3.6-fold longer than the non-exposed 373 cells). Also, a much narrower size distribution was found for the non-exposed cells. The first aim of this study was to assess if the initial adhesion of E. coli was related to the 378 surface properties of the tested materials. The results indicated that the highest level of E. 379 coli adhesion occurred when the hydrophobic SIL (∆ < 0 mJ/m 2 ) was used as 380 substratum, followed by PVC and SS (∆ < 0 mJ/m 2 ) with less hydrophobic character.
381
In contrast, the hydrophilic glass (∆ > 0 mJ/m 2 ) was the less colonized surface. These 382 findings suggest that the substratum hydrophobicity is a major factor in the initial 383 adhesion of bacteria, with hydrophobic materials promoting adhesion. This increased 384 adhesion to hydrophobic surfaces has been reported by independent groups for both 385 Gram-negative 46-48 and Gram-positive bacteria. 49, 50 Previous studies 31,51,52 have shown 386 that bacterial adhesion can be correlated with surface hydrophobicity, but although 387 increasing adhesion was obtained with increasing hydrophobicity, a weak correlation (r 2 388 = 0.78) between these two variables was found in this study.
389
According to the thermodynamic approach which considers the physico-chemical 390 interactions, adhesion is favorable only when the resulting free energy is negative. Using 391 this approach, it was concluded that adhesion is thermodynamically less favorable for susceptibilities to antibiotic treatment. The results showed that biofilms growing in 412 silicone were less susceptible when compared to those obtained on the other materials. It 413 is widely known that the extracellular matrix is extremely important for protection against 414 antibiotic effects 10,41 and therefore the exopolymeric matrix of all biofilms was quantified 415 in order to see if significant differences could be found among the biofilms formed in 416 different materials. The results showed that the EPS composition was not a major factor 417 affecting biofilm sensitivity to the antibiotics. We speculate that the biofilms developed 418 on silicone were less susceptible due to their higher cell density (number of cells per unit 419 area). The spatial arrangement of a higher number of cells may create concentration 420 gradients (of nutrients, antibiotic and oxygen) within the structure of the biofilms, a point, letters were assigned in alphabetic order from the lowest to the highest value (from 733 a to d). These assignments were made as long as statistically significant differences exist 734 between materials (for a confidence level greater than 95%, p < 0.05). The means ± SDs 735 for three independent experiments are illustrated. 
